Collagen/calcium phosphate composite materials were prepared using an alkaline phosphatase-catalyzed hydrolysis of watersoluble phosphate esters in the presence of calcium ions. We prepared a collagen/calcium phosphate composite film by adding sequentially calcium chloride, disodium glycerophosphate and alkaline phosphatase to collagen solution and subsequent drying of the resultant composite suspension in a template. The calcium phosphate contained in the film was determined to be mainly hydroxyapatite from FT-IR and X-ray diffraction analysis. The film little swelled in water to keep its original morphology, while a collagen film became solubilized. This suggests the binding between collagen and calcium phosphate in complex materials. When the preosteoblast cell line, MC3T3-E1 cells were cultured on the film, the film was found to support the osteoblastic differentiation from the measurement of alkaline phosphatase activity, which is an early differentiation marker.
Introduction
Vertebrate hard tissues such as bone, teeth, fish scale and so forth contain calcium phosphate (CP), especially hydroxyapatite (Hap) as a main mineral, which forms a complex architecture with the organic matrix such as collagen.
1)-6)
The biomineralization is thought to proceed under an ordered cellular control to give well-organized structure and composition. The mechanism of biomineralzation in collagen has been remained unknown, alkaline phosphatase (ALP) is likely to act on organic phosphate to generate phosphate ions, which subsequently react with calcium ions orderly arranged on the protein substrate. We focused on the biomineralization process as a fabrication method of the biomaterials consisting of CP and collagen. Various methods were so far reported to prepare Hap/organic matrix composites, including soaking materials in a simulated body fluid, 7)-12) soaking materials alternately in Na 2 HPO 4 and CaCl 2 solutions, 13),14) the simultaneous titration of Ca(OH) 2 suspension and collagen/H 3 PO 4 solution, 15) the mineralizations using ALP 16), 17) and so forth. In a method using ALP, the collagen modified with phosvitin was reported to afford Hap by soaking modified collagen in a solution containing ALP and glycerol 2-phosphate. The present paper deals with the modified method of ALP-catalyzed mineralization. Namely, we have prepared and characterized films using collagen/CP composite generated by an ALP-catalyzed hydrolysis of water-soluble phosphate esters in the presence of calcium ions and collagen.
Experimental 2.1 Materials
Collagen (typeI atelotype from calf skin, 60 mg/ml lactic acid, pH 3.6) was a kind gift from HOKUYO Co., Ltd., Yamagata. It was diluted with cold distilled water and dialyzed at 4°C against distilled water using cellophane tubing (Union Carbide, Richmond, USA; molecular cut-off, 10 4 Da) to give about 5 mg/ml of collagen solution. 2.2 Enzymatic collagen/CP composite (Col/CP) formation in an aqueous phase Firstly, 5 ml of calcium chloride solution (50 mM in 25 mM Tris-HCl, pH 8.9) was dropwisely added to 30 ml of collagen solution (2.0 mg/ml) with stirring at 170 rpm at 15°C for 30 min. Secondly, 5 ml of disodium glycerophosphate solution (50 mM in 100 mM Tris-HCl, pH 8.9) was added with stirring for 30 min. Then, 125, 250 or 500 ml of ALP (14 mg/ml in 100 mM Tris-HCl, pH 8.9) was added and stood for 6 h with stirring. As a control, CP was nonenzymatically generated in the presence of collagen in a following way. Five ml of calcium chloride solution (80 mM in 25 mM Tris-HCl, pH 8.9) was dropwisely added to 30 ml of collagen solution (1.8 mg/ml) with stirring for 30 min. Then, 5 ml of disodium hydrogenphosphate (80 mM) was dropwisely added and stood for 6 h at 15°C with stirring.
Preparation of films
Ten ml of Col/CP suspension obtained in 2.2 was cast into a rectangular propylene mold (3×7 cm), dried at room temperature for 5 days, soaked in methanol/water (7 : 3) and dried again.
Analysis of CP
Alizarin staining of the mineralized sheets was carried out by soaking a film in 2 mg/ml of alizarin solution for 5 min, washing with distilled water and drying at room temperature. The von Kossa staining was applied to the films as follows. The films were soaked in 50 mg/ml of sodium thiosulfate solution for 5 min, irradiated with UV-light for 10 min and washed with distilled water. Then, they were soaked in 10 mg/ml safranine-O solution for 30 sec, washed in water and dried at room temperature. X-ray diffractometry (XRD) (Shimadzu, Kyoto, Japan, XD-610) was performed at 30 kV and 20 mA at a 2u-scanning rate of 4°/min using CuKa.
Collagen film containing CP was treated with 3.8 units/ml of collagenase at 37°C overnight. The resultant precipitates were collected by centrifugation for 10 min at 15,000 rpm, washed with distilled water and dried. The obtained powder was mixed with nujol (high boiling point-hydrocarbons) and subjected to Fourier transformed infrared (FT-IR) spectroscopy (Shimadzu, FT-8200A) measurement.
Mechanical and swelling properties
Stress-strain curves were determined by uniaxial measurement using digital mechanical tester (Imada, Toyohashi, Japan). The films (3×1.5 cm) were measured at a crosshead speed of 20 mm/s at 25°C under 65 relative humidity (RH). The ultimate strength, the ultimate elongation and Young's modulus were calculated from five independent measurements. An extent of swelling in water was examined as follows. The films (1×1 cm) were dipped in distilled water at room temperature. The swelling ratio was calculated according to the following equation:
where L dry and L wet are the length of a side of the dry and swollen films, respectively. Furthermore, appearance of the film soaked in water was recorded as photographs.
Osteoblast differentiation on Col/CP films
Five ml of Col/CP suspension obtained in 2.2 or 3 ml of collagen solution (2 mg/ml) were added to cell culture round dish (diameter; 35 mm) (Iwaki, Tokyo, Japan), dried at room temperature, soked in methanol for 15 min and irradiated with UV-light (10 J/cm 2 ). After sterilizing dishes in 70 ethanol followed by drying under UV-light, preosteoblast cell line MC3T3-E1 cells were inoculated onto each dish at 5×10 4 cells/dish and cultured in MEM-alpha (GibcoBRL, Grand Island, USA, not containing phenol red) supplemented with 2 mM glutamine, 50 IU/ml of penicillin, 50 mg of streptomycin and 1/10 volume of fetal bovine serum. Cell numbers and ALP activities were measured at appropriate intervals. Cells were counted by a hemocytemeter. The ALP activity was measured using p-nitrophenyl phosphate using Sigma-Fast tablet by the instructor's method. The resultant solutions were transferred into 96-well plate and the absorbance at 405 nm was measured by microplate reader (BIORAD, Hercules, USA, model 550).
3. Results and discussion 3.1 Properties of the enzymatically generated Col/CP film CP was generated simply by sequentially adding calcium chloride, disodium glycerophosphate and ALP into collagen solution followed by agitation for several hours. Then, Col/ CP films were prepared by casting thus obtained Col/CP suspension into a template. The thickness of the resultant film was about 20 mm in average, independently of CP content. The composite film was tenacious enough to handle and semitransparent. When CP was produced by nonenzymatic method, viz., mixing of disodium hydrogen phosphate with calcium chloride in the presence of collagen, the obtained film was opaque and white, although the calcium phosphate contents of both films were almost similar. Mechanical properties and CP content in films obtained by changing the amount of ALP were shown in comparison with collagen film in Table 1 . The increase of ALP from 1 U/ml to 2 U/ml in a reaction mixture caused the increase in CP content in a film, viz., 15 and 20, respectively. Accordingly, the rupture strength, the rupture elongation and Young's modulus of the film were increased. When 4 U/ ml of ALP was used, further increase in mechanical strength was observed in spite that calcium phosphate content was unchanged. This reason remained unclear. Further increase in CP content and strength was not observed, even if more ALP was used. The film prepared using 4 U/ml of ALP was used in a succeeding studies.
To test the water tolerability of the composite film, the film was immersed in water and stood at 25°C. The appearance of the films in water was shown in Fig. 1 . Enzymatically generated Col/ CP film swelled a little (swelling ratio; 40) by 5 d and kept its original shape without further swelling and dissolution even after 4 week soaking. On the other hand, a collagen film became dissolved in a week. These results indicate that CP has the ionic interaction with collagen molecule in a film, that is, calcium ion interacted with carboxylic group in collagen, which provided a film with strength and water-torelability. When CPs were generated by non-enzymatic method, the resultant film had a rupture strength and a rupture elongation far weaker than collagen film and swelled heavily (swelling ratio; 90) and became dissolved for 10-day soaking. (data not shown) Fig. 2 . FT-IR spectra of (a) the authentic Hap crystal and (b) CP that was enzymatically generated in a film. Fig. 3 . XRD spectra of (a) the authentic Hap and (b) enzymatically generated Col/CP. 
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JCSJapan Tomomatsu et al.: A film of collagen/calcium phosphate composite prepared by enzymatic mineralization in an aqueous phase 3.2 Analysis of CP in a composite film When the film of enzymatically generated Col/ CP was stained by alizarine red and von Kossa methods, the staining took place homogeneously all over the film surface, indicating that CP was homogeneously present in the film. Meanwhile, the staining of a non-enzymatically formed Col/CP film gave a dappled pattern. FT-IR spectrum of CP, that was collected from the enzymatically generated Col/CP film, gave the peaks at 563, 603, 1032 cm -1 , which were also shown by commercially available Hap (Fig. 2) . The XRD spectrum of the authentic Hap showed the characteristic diffractions at 26, 31 and about 33° (Fig. 3a) . Enzymatically generated Col/CP also gave broad peaks around these angles in addition to an unidentified peak at 18°, indicating that their crystallinity was somewhat lower (Fig. 3b) . Taken together, CP in the enzymatically generated Col/CP mainly consisted of Hap.
Cultivation of preosteoblast cells on a Col/CP film
Preosteoblastic cell line, MC3T3-E1 cells were cultivated on a Col/CP-coated dish. Figure 4 shows the proliferation profile of the cells on a Col/CP-coated dish, comparing with those on plain and collagen-coated dishes. The cells on collagen-coated and Col/CP-coated dishes proliferated more slowly than cells on a plain dish and stopped proliferation before reaching to the confluence. As shown in Fig. 5 , ALP activity per single cell was significantly higher in Col/ CP-coated dish than those in plain and collagen-coated dish. Thus, enzymatically generated Col/CP surface was found to promote differentiation of preosteoblast cell line, MC3T3 cells.
Summary
Enzyme-catalyzed mineralization of collagen was accomplished by adding calcium chloride, disodium glycerophosphate and ALP to collagen aqueous solution. Films prepared from the reaction mixture showed higher strength and watertolerability than collagen films, indicating the interaction between CP and collagen molecule in a film. Analysis of thus obtained CP by FT-IR and XRD demonstrated that the CP mainly consisted of Hap. Furthermore, Col/CP surface was found to promote differentiation of preosteoblast cell line, MC3T3 cells.
